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ABSTRACT

Progress is described in the first year of a program designed to
examine the relation of mechanical properties, grain-growth kinetics and
impurity precipitate distribution to the characteristics and chemistry of
initial MgO particulates at progressive stages during microstructure evolution.
Eiforts have concentrated on production of an ultrapure, fully dense micro-
structure which wifl form the standard with which subsequent experiments with
doped particulates will be compared. Magnesium o..de vacuum hot pressed
specimens were prepared from static and dynamically calcined high purity

(4? 99.99% M90) Mg(OH) 2 and M6CO3 powders. Microstructure development was
studied at stages in the calcining and consolidation processes and it was
learned that abnormal grain-growth begins at the 70% density level in Mg(OH) 2
derived material. Crystallites are crystallographically oriented to one
another and form an agglomerate which is a relic of the brucite crystal and
have very rapid grain-growth rates. Fully dense 11500C hot pressed specimens
had a marked duplex structure, but pressing at 1450 0 C resulted in material with
a normal grain distribution. This unusual reversion from abnormal back to
normal grain distribution was probably due to competition betven boundary
and pore control on grain growth. Slight introduction of Fe and Zn occurred
during consolidation, but Cl, S and Na volatilize and the total impurity
content of the compacts is less than that of the starting material. MgC0
derived material reaulted in normal grain distributions when pressed at 150oC
but abnormal grain size distributions developed at higher temperatures.

Grain growth studies were performed at two temperatures on Mg(OH) 2
derived material having a normal grain size distribution. The growth rate
decayed well beyond the normal square dependence due to the transition from
boundary control. to pore control and then to abnormal grain growth resulting
from the critical relations between grain size and pore size (the 0.1 to
0.4% porosity only became apparent during the anneals). A discussion and
explanation of the various grain gxowth studies in MgO is included.
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I. INTRODUCTION

Polycrystalline bodies are involved in nearly all applications of
ceramics. Many of the useful properties of such materials are controlled by
grain size and grain boundary properties. The relationship between grain size

and mechanical properties, for example, has long been known. Equally important,
however, is the physical and chemical state of the grain boundaries in the
material. It has been only recently appreciated that impurities in ceramics

are comnonly segregated at grain boundaries even when present in concentrations
as low as 30 ppm. Boundary sensitive properties may thus be completely
aominated ", L,._.-ies even in samples whose bu coposition indicates a
fairly high purity.

Impurity segregation may influence ceramic properties at two levels.
First, many aspects of the behavior of ceramics depends directly on the
physical state of the boundaries. Segregation may give rise to enhanced mass
transport at grain boundaries = and thus completely modify the kinetics of
processes such as creep, oxidation, electrical conduction and sintering.
Segregation is similarly known to directly affect strength and mechanical
behavior. 3 On a second level, impurity segregation influences microstructure
development and thus, throug its influence during processing, may control
final properties which are dependent upon microstructure. An example is the
intentional addition of small amn s of impurity to retard grain growth during
sintering. This preven' the ent"pment of pores within grains and thereby
has permitted sintering of oxides to full theoretical density.

Few studies of boundary-sensitive properties have adequately characterized
the physical and cheical state of grain boundaries. Consequently, little
is known of the relation between the chemistry of the initial particulates
from which a ceramic body is formed, and the impurity distribution in the final
microstructure. Similarly, little is known of how impurity precipitate size
and distribution changes during the course of microstructure evolution, or the
manner in which such changes influence properties. Such questions are
difficult to answer since a grain boundary is essentially a two-dimensional
structure. The volume of material affected, and the amounts of impurity
involved y thus be very small. Recently developed tools - notably scanning
spectroscy, electron microbeam probe spectroscopy, and electron microscopy
provide promi sing means for gaining insight into such problems.

rI. OB3DCTIV OF THE MkSW FIOOM

The present report 14 the first Annual Report in a prograr designed to
exeaine the Inter-relation of mechanical properties, grain-growth kinetics and
impurity precipitate distribution with the characteristics and chemistry of
the initial particulates at progressive stages during the evolution of a
ceramic sicrostruicture. paesim oxde has been selected for study for a
number of reasons. This material Is of considerable technological importance
(e.g., as a refractory, use as transparent armor, and in high teerature
infrared applications). Seyeral measurements of grin-growth kinetics have
been made for this material" t which are not in cmplete accord. Clarificirtion
of these measurements with a well-cbaracterized ponesia is badly needed.
Further, extenesvt data are available for the rates of diffusion of several of
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the impurity cations commonly present in commercial-grade MgO.8 Such data
will be of value in the interpretation of the rates of impurity segregation
and redistribution.

The specific aims of this program are eventual

1) Preparation and characterization of ultrapure MgO
particulates and also particulates which have been
homogeneously doped with controlled amounts of
impurity,

2) consolidation of the particulates into initial bodies
which are pore-free and have both a fine and uniform
grain size,

3) Measurement of isothermal grain-growth kinetics for
both ultrapure and doped materials,

4) Determination of impurity precipitate concentration
and distribution at successive stages of micro-
structure evolution, and

5) correlation of mechanical properties with precip.Late
distribution and microstructure.

As reviewed in the following section, the results of pr- ious studies
of magnesia differ.. The disparities are undoubtedly due to impurity effects
and minor levels of porosity. Accordingly, the first year's eflorL in the
present program was primarily concerned with the production and characterization
of fine ultrapure MgO particulates, and their consolidation into a fully-dense
controlled microstructure. Such samples must serve as the standard micro-
structure with which subsequent experiments with doped materials will be
copared. Progress is described in Section IV.

Ill. THEORY AM) PREVIOUS REULTS

3.1 Theories of Grain Growth

Normal grain growth describes a process in which the average grain size
of a strain-free material increases continuously with time at elevated
temperature without appreciable change in the distribution cf grain sizes.
The driving force is the difference in energy betveen large- and fine-grained
material which results from reduction of grain-boundary area. In contrast,
discontinuous or -bnorml grain growth is a process in wbch a few large
grain# grow at the expense of a ftine-ained matrix.

For normal pn growth in a pure, fully dense systea, a theory due
to Turnbull predicts'

-) D (K fV) t()

where D is average grain diameter, Do is initial grain diameter, K is a rate
constant, I is interfacial energy, V is molar volume, and t is time.
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In non-ideal systems either the mrgation rate of pores I0 '11 , the
diffusion of solid solution impurities4 ("impurity drag", or precipitation
of second phase may control grain-growth kinetics. Brook1 has considered
the microstructural conditions for which each effect might be expected to be
dominant. His results show that control by boundary mobility is to be expected
when pores are small, Separation of boundaries from pores (pore entrapment),
is to be expected when the pore velocity becomes less than the boundary
velocity and will occur at large grain sizes and when the pores are large and
widely dispersed. Porosity-controlled grain-growth occurs at small grain
sizes and when the pores are large and close together. The effect of
impurity is to increase the mobility of pores relative to that of the boundary
and thus, for a given grain size, increase the boundary-controlled region of
behavior at the expense of the pore entrapment region.

3.2 Previous Results for Magesia

Several studies of grain growth in magnesia have been conducted, but
the influence of porosity and impurity on the process is not clear. Measure-
ments by Daniels et al were among the first to be conducted on a ceramic oxide.
The data indicated normal grain growth, but the measurements were complicated
by the presence of considerable porosity and attendant densification during
annealing of the specimens. Subsequent measurements at Pvco 5 were the first
to be conducted "'ith a fully dense oxide. The kinetics of normal grain growth
were again observed but, in the absence of porosity, growth rat s were 4 to 6
times more rapid. Addition of 1% Fe or Ti impurity to magnesiag produced
grain growth ratet much smaller than those observed in earlier studies of
either the porous or fully-dense compacts 5 and, further, a change to a time
dependence of 1/4 and 1/3 for the Fe and Ti additions, respectively.

A detailed study of grain growth in pure and Fe2 03 -doped magnesia with
objectives similar to, but not identical with, the present work was reported
by Gordon et a17 midway through the ;resent study. Thlir results may be
summarized as follows. Pure MgO did not exhibit the tT dependence of earlier
studies, but exhibited an exponent which decreased with time. Grain growth
was probably controlled by porosity in pure magnesia at all temperatures
even though the amounts of porosity were small (less than 1%). The addition
of F203 decreased the rate of grain growth and tended to stabilize normal
grain grovth kinetics.

FPrm the above, it appears that early reoults, in which normal grain
growth kinetics were observed, represent experiments in which microstructure
evolution was controlled by impurities. In high purity specimens, samples
of full theoretical density are required If kinetics are not to be doinated
by porosity. Preparation of the starting materials wih the r-quisite fine
gain size will be difficult since, in the absence of porosity and impurities.
the initial grain growth ie expected to be very rapid. Experience in the
present program has borne this out. While the presence of impurities has been
demonstrated to retard gain growth kinetics, the redistribution and state cA,
the impurities as the microstructure evolves has yet tu "ve examined and
interpreted in terms of impurity diffuzion rates.
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IV. PROGRAM PROGRESS

4.1 Powder Preparation

Successful consolidation studies require a highly reactive powder which,
of course, usually dictates that the average particle size is submicron.
Several years ago a detailed search of commercial MgO powder suppliers failed
to reveal a source of high purity (? 99.99% MgO) submicron MgO. However,
high purity Mg(OH)2 and MgCO3 were available. Thus, careful control of the
calcination process could in theory produce the desired starting powder.
Fabrication studies were perfor-med on powders calcined from Mg(OH)2 and a
renewed effort to locate commercial submicron high purity gO powder was
initiated.

The Mg(OH) * powder was characterized by x-ray diffraction and electron
microscopy techniques. The powder was shown to be brucite, Mg(OH)2 , and
Figure 1 illustrates the plate-like morphology of the starting powder. The
calcination to MgO was studied -- performing both static and dynamic calcinations
and examining the morphology in bhe electron microscope. Also, brucite was
decomposed in the electron beam and the development of the MgO crystallite
was directly observed. This latter effort will be discussed first.

Figure 2 shows diffraction patte:ns recorded during actual decomposition
of a brucite platelet. In the initial diffraction pattern (Figure 2a), the
(110) prismatic planes and (100) type planes for brucite are present. The
(220) reflections for periclase are missing, but otber MgO diffraction spots
are present. After 20 seccads of beam heating (Figure 2b), the (220)
magnesium oxide spots appeared on the same radius vectors as the (110) brucite
reflections. However, the (100) and (110) brucite reflections were still
visible. Upri further heating, a more distinct separation was observed between
t.,e magnesium oxide reflections and the brucite spots. The brucite spots
gradually dislnished in intensity until only the periclase single crystal
pattern remained having a 111] zone axis (Figure 2c).

Powders were statiially calcined in a 2 mm deep bed under a partial
vaiuum at several temperature and times. Initially suitable temperaturs and
times were zelected from the kinetics of studies of Gordon and Kingery.M

Calcination at 3750C for 55 minutes resulted in agglomerates up to
10 microns and individaal imnti-crystal platelets of 0.8 microns (Figure 3a).
X-ray line broaaenia demonstrated that MgO particle size was in the 100 angstrom
size range and, indeed, a high magnification examination of a platelet revealed
this size MgO crystallite within a relic of the original brucite platelet.
Holding the calcination at 3750C for 180 minutes (Figure 3b; resulted in a rod-
like shape. ThiL suggests that oriented growth of MgO occurs. Some of the
small MgO particles fractured apart possibly from strain associated with the
nucleation and growth process. With this tendency for oriented growth, it
would appear to be desirable to break down the relic brucite structure prior
to hot fressing cr sintering. If this is not accomplished it is quite possible
that equiaxed microstructures would be extremely difficult to produce.

* Purchased from Johnson-Matthey through United Mineral Corp. (U.S. Distributors).
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#67050 9,OO

FiLgure 1. Electron MIcrog'aph Of High Purity Mg(OH) 2 Poer
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a

b

C

Figure 2. Electron Dif~fraction Patterns of Brucite Single Crystal
Decompos ition in the Electron Beam, a.) initial pattern,
b) 20 secondL; exposure, and c) after 40 second exposure.
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The initial process studies resulted in a duplex microstructure, and
one interpretation for the results was centered on a strong influence of
retained O- on microstructure development. This combined with a desire to
break up agglomerates led to the construction of a dynamic calcining apparatus.
The Mg(OH)2 powder was held within a new platinum cylinder reserved for this
program and it in turn was positioned within a closed end high purity alumina
tube. This tube was positioned at a 20°C incline and was rotated at 2 rpm
and evacuated during calcinations up to 12000C.

A series of calcinations were conducted at temperatures greatly in
excess of those required to decompose brucite. Figure 4 illustrates the
crystallite structure over the range of conaitions employed. Figure 4a.
illustrates a disc-shaped agglomerate with very tight packing of crystallites
and a mean crystallite size of 260 A. Calcining 200 C higher, 1000 0 C, developed
cube crystallites still tightly packed into agglomerates. The agglomerates
are no longer disc-shaped as some fracturing appears to have taken place. One
or two agglomerates (arrow) appear to have sintered into a tight large crystal
(these may have retained some of their polycrystallinity but they are certainly
seeds for secondary grain growth). Th highest temperature employed, 3200 C,
developed the crystallite size to 360 and continued the development of a
cubic habit. Further, the crystallites within an agglomerate appear to be
crystallographically oriented to each other. This creates boundaries within
an agglomerate that are "special" and may well have quite different grain
boundary migration rates than non-oriented boundaries which are present in
some agglomerates but more commonly occur between crystall4 tes from adjacent
agglomerates.

Two dynamic calcination runs wvre conducted with reagent grade Mgc03*
and the resultant structures are illustrated in Figure 5. Also shown is a
micrograph of MgO powder purchased from Honeywell who in turn calcined the
powder from a second reagent grade of MgC0 3 *I The agglomerates are much
larger for the 800 C-1 hr. calcine than they were for material calcined from
Mg(OH)2. The agglomerates are much more open; that is, a greater space appears
between crystallites. Fig'rre 5b illustrates the development of a cube crystal
habit, as was the case for higher temperature calcined from Mg(OH)2 . The
individual crystallites within an agglomerate do not appear to be crystallo-
graphically oriented to each other. ±1he Honeywell material illustrated in
Figure 5c possesses a larger crystallite size than any of the other MgO
powders calcined in this program; however, the agglomerates appear somewhat
smaller and more loosely packed than the rotary calcinations of MgCO 3 .

The distribution of crystallite sizes was examined for the 1200°C-1 hr
calcination. The data plotted on log-normal probability paper yield a straight
line (Figure 6) indicative of a log-normal distribution which is expected
for normal nucleation and growth. Table I gives the mean crystallite size
for the various calcination treatments tested in this program. This data was
analyzed by plotting mean crystallite versus log time where applicable and
log diameter versus reciprocal temperature. As can be observed from examination
of the table, the growth kinetics are exceedingly slow with an activation
energy of only 0.78 e.V. The self-diffusion activation energies; 3.43 eV for

* Fisher Chemical Co.

** Mallinckrodt.
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#70O604A a80, Qoox

#70610A b 8o,Qoox

#70628B c00O

Figure 4. MgO Calcined from Mg(OH)2 in Rotary Vacuum Calciner
at (a) 8000c-i hr., (b) 10000C-i hr., and (c) 12000C.1 hr.
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Figure 5. MgO Calcined frau t.gCO in Rotary Vacuum Wea~c r at
(a) SOOOC-i br.,9 (b) 2000C-1/2 hr., wAz (c) supplied
by Honeywell (calcining comlittons unknownm).
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TABLE I

M90 CYSTALLITE FOR VARIOUS CAWINATION TREATMEWIS

Starting Lot Mean Crtallite
Comoimd No. Condition Temprature Time Size ..t ..t

Mg(OH)2  SH194* Static 350 55 '-1oo
S194 Static 375 55 -100
SH182 Static 375 180 -100
sH194 Static 375 180 11,100
Sf182 atatic 800 60 450
sH182 Dynamic 800 60 260
SH182 Dynamic 900 60 263
sH182 Dynamic 1000 60 278
Sf182 Dynamic 1100 30 268
sE182 Dynamic 1100 60 293
SH182 Dynamic 100 120 299
SH182 Dynamic 1200 10 333
sH182 T*namic 1200 30 358
SH182 Dynamic 1200 60 363

MgCO3  700752** Dynamic 800 60 152
7o752 Dynamic 3.100 30 318

* Johnson-tthey

**Fisher
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Mg2 + and 2.71 eV for 02-, are significantly higher indicative that some
other process than lattice self-diffusion controlling the powder growth
process. Suggested limiting mechanisms include diffusion across grain
boundaries or dynamics of the rotating powder bed. The fact that the
crystallites from the static 8000 c calcine were about twice as large as from
the dynamic calcine undergoing the same thermal history strongly suggests
the latter as the limiting step. Because of the low growth rate, a number
of calcination runs were conducted at 12000C for 1 hour giving a very fine
particulate powder where a high degree of decomposition and volatilization of
0Q- could be realized.

4.2 Consolidation

Vacuum hot pressing techniques were employed for densification. High
strength* graphite dies were employed which allowed pressing up to 15,000 psi.
The powder was loaded into the die under static air glove box conditions,
placed irto the assembly and lightly cold pressed. After evacuation the
sample was heated to 800c without pressure to allowed continued outgassing.
At this point, pressure application was continued while temperature was increased
until both desired parameters were achieved. The time of pressure application
was in part governed by past experience and also guided by the deflecti n
rate. Typical vacuums at peak temperature were in the order of 1 x 10" mm Hg.

An initial series of specimens were hot pressed using powder calcined
statically at 375OC for 180 minutes. Three structures representative of
samples hot pressed at three different temperatures, are shown in Figure 5. A
hierarchy of fine grains is apparent in Figure Ta and these are also pr-sent,
but in a smaller concentration, in Figure 7b. However, Figure Tc shcvs a
complete absence of this fine-prained population. The main and probably
controlling variable In achieving these three distinctly different micro-
structures was the hot pressing temperature. Increased hot pressing tempera-
ture favored the development of more uniform microatructures. It is
particularly noteworthy that this decreased !oncentration of fine-grains did
not necessarily require increased matrix grain intercept size (Figure 7a,
grain size is 21 pm and Figure 7b, grain is 15 Pm).** Thus, temperature is
critical to the evolution of the fine-grain material to large eoulaxed grains.

The duplex microstructure was clearly un dsirable from the standpoint
of suosequent property or grain growtb studies. It -.. a hypothesized that higb
temperature dynfadc calcining would, 1) reduce the concentration of volatiles,
and 2) break dawn agglcmerates where either effect migt reduce the tendency
for duplex grain development. Further, it vas desirable to achieve fine
microstructures (< 10 Am grain Intercept) for gain growth studies as growth
is difficult to Measure on large-gMined material except at very high tena-
tures. A series of hot pressings were conducted with powders calcined under
a variety of conditions outlined in Table I. Representative microstructures are
illustrated In FIure 8. Again, the hierarckh of tine gai waa observed.
None of the calcining conditions gave the desired microstructures.

* Poco Oraphite Co.
** Tbis inversion of prain size with increasing thermal history is

surprising and unexplained.



-14-

~"'>~ ~'*..'Hot Pressing Conditions
• ._ ' and Results

p;: . ,' -- ' -.. .sH182 - g(o][) 2

1800min. static powder calcine

3-1500C - 15 Kpsi - 90 min.
3.565 pM/cc -21 W grain intercept

#5o4-1 (a) boox

SE3,82 14g(OH)
3750C - 18 idn. static powder
calcine

12000C - 15 Wi - 115 min.
3.580 gm/cc - 15 m grain intercept

#4984 (b) 250X

- . •3750C 180 mi. static powder

3.5 8 3 4 0 W.m gain intercept

#M39-D (c) T'x

Figue r . icroetructure of Three t Purity XS) Dot Pressed
Specimens Pressed fro M OH)2 Derived Powder after
Various Hot Pressing Cycles.
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Hot Prescing Conditions
and Resuilts

SH194 Mg(OH),8150C - 15 Kpsi - i15 min

3.509 gm/cc- 10 pm grain intercept

#5331-2 a 750X

.%° "0-, : ,.,' "- .,>SH182 Y16oH)
12000C - 60 min. dynamic calcir-e
11550C - 15 Kpsi - 90 min.

". "3.586 gm/cc - 6 um grain intercept

I - . _

#5h05-3 b 750X

SH,166 Mg(H)2
,-I1 ' C - mO rin dynamic calcitie

g 12550C - 15 Kpei - 30 rin.
3.601 pm/ce 16 um grain intercept

#5412-1, c t50X

Figure 8. Microstructure of Three High Purity MgO Hot Pressed
Specimens Pressed trca lg(OHI) 2 Derived Powder atter
Various Powder Calcining Cycles.
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The evolution of the duplex microstructure was studied by deliberately
terminating several fabrication cycles at intermediate levels of density.
The microstructures were studied by a combination of light and electron
microscopy techniques. Representativp electron micrographs are shown in
Figure 9. The sample in Figure 9a is 69% dense. The pores appear to be
located priLdrily at triple-point grain intersections. In general, the grain
size appears to be about 0.3 Jn. However, even at this point there are many
grains far outside the expected normal distribution of grain sizes; namely,
about 0.5 pm. Figure 9b illustrates the structure of 92.5% density. The
densification appears to be non-uniform with 0.1 cm lens-shaped regions of
high density (arrow A) having a smaller grain size (0.3 Ami) than the matrix
and patches (arrow B) of low density with a grain size (0.5 pm) about equal
to the matrix. The pores in the low density area have a similar morphology
to those from the low density sample. The 99.5% dense sample shown in
Figure 9c exhibits the strong duplex grain structure. The fine-grains are
now 1 pm and the large grains are ncw in the 30 pm range. Some porosity
(arrow C) is associated with the fine-grain size area. Thus, it is apparent
that the duplex microstructure evolves during the initial stages of densific-
ation. Also, there are zones of varying density during the cycle which may
contribute to the non-uniform structure but are probably not the main cause.
These aspects will be discussed in more detail in Section 4.5.

A number ot fabrication runs were conducted with Honeywell MgO powder.
Representative microstructures are shown in Figure 10. The polished sections
of both samples exhibited little porosity; however, the amount present was
concentrated in 200 vm spherical regions. The sample illustrated in
Figure 10 had a 0.5 pm grain size requiring electron microscopy techniques
to resolve the etched structure. The etching has severely attacked the grain
boundaries, thus, it is not possible to identify any residual porosity. It
is especially noteworthy that the grain size is about 30 times smaller than
experienced for Mg(0H)2 derived powder processed by the same cycle. Hot
pressing the Honeywell powder at a higher temperature (Figure lob) increases
the grain intercept to 6 pum and some tendency exists for an abnormal grain
size distribution. The grain intercept is still ~ 30 pm less than would be
expected for the Mg(OH)2 derived MgO (see Figure Tc).

4.3 Chemical Analysis

The supplie s chemical analysis for the two lots of Mg(OH)2 and a
typical analysis l for Honeywell MgO are g!ven in Table II. Lot SH194 in
particular, represents an extremely clean anays is. Samples produced from
Lot SH182 were analyzed on an earlier program1 by spark source mass spectro-
scopy. A typical analysis for a hot pressed specimen and one powder lot is
also shown in Table I. This analysis illustrates a more conservative state-
ment of purity and demonstrates that comparison between anaytic,. techniques
is often difficult. For example, the Ca, Si and Na analyses show a considerable
higher impurity concentration for both the powder and hot pressed specimen.
It appears that Fe and Zn are introduced during consolidation and Cl, S and
Na art volatized during the consolidation process. Total impurity concentrations
were actually lower in the fabricated sample. Analyses conducted under
identical conditions are required for a well-funded discussion on relative
purity of powders. Thus, it is with some reservation that the order of
increasing purity is stated as SH1934, SH182 and MiO. Powder Lot MI0 is still
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#78 (a) 1500X

F A

#70687 ()1500X

V~~ 7$~(4

#T0585 (C) 1500X

Figure 9. Microstructure, Evolution of Mg(OH) Derived
MgO at (a) 69% Density, (b) 92.5% ensity, and
(c) 99.5% Density.
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Hot Pressing Conditions
~, ~ and Results

Wf Honeywell - MlO-*A :' 1 150C - 15 Kpsi - 90 main.

3.551 gm/cc -0.5 )m grain
intercept

#7o693 15,OOOX

Honeywell - M10
1250 C - 15 Kpsi - 90 min.
3.585 gm/cc - 6 pm grain
intercept

rr*

#5'412-5 50OX

Figure 10. Microstructure of Two MgO Samples Produced

from MgCO3 Derived Powder.

,: - . .. -, .. ..o,.,, 3



TABLE II

J3M'RIT ANALYSIS FOR MAGI9ESIA BA2-E POWDER LOTS

ANDi A FABRICATE SAMP'LE

Supplier Emission Spark Source Analysis

Specro~phy nalsisHot Pressed Sample

i6) 1330 (from lot SH-

K .AcUeft Lot s~.94* Lot sH182* M-1o'* Lot sHl.2182 Powder)

Al 1 1 50 4 4

Ca 1 1 200 100 100

Cl 10 3

Cu 1 1 8 5 3

S 130 10

Au 1 HD1 1

za3 20

Fe 10 10 4 20

P1 ND 30 4 0.6

Si 1 ND 150 150 150

Mn ED 5 1 1

Na 1 1 1500 4o

*United Mifneral
**Honeywell
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thought to be a fac or of ten more pure than that used for many experimental
researeTh programs 3 ',5,17 where problems with grain boundary phases have
been encountered.

4.4 Grain Growth

Preliminary grain growth studies were conducted with Mg(OH)2 (Lot SH 194)
derived MgO hot pressed at 14500C which possessed a starting grain intercept of
34.2 urn. Pressing at this temperature achieved a normal grain size distribution,
but the large grain size precluded growth studies at low temperatures. A series
of runslwere conducted at 16100C and these were combined with data collectedearlierl for analysis.

Specimens were cut from a single sample, polished and etched. A
particular location in the sample was mapped and grain intercepts were measured.
The grain sizes reported are average grain intercepts. Specimens were
contained in a closed high purity A1203 crucible and were in contact with a
hot pressed MgO setter plate fabricatea from the same high purity starting
material used in the study. Samples were inserted and withdrawn from an iso-
thermal air furnace for the prescribed times. They were ground to remove any
surface effects. After repolishing and etching, final grain sizes were measured
in the same location in which the initial grain sizes were measured.

Grain growth data plotted according to equation (1) is given in
Figure 11. Comparative data of Spriggs et a15 and Gordon et a11 7 is also
illustrated. Data at 1525, 16100c and that of Gordon et al, exhibit a significant
decay in growth rate. Plotting the data using different times exponents, n,
in the relation Dn - Don = k t at-values of n up to 4 did not fit all of the
data although the fit was moderately good at n = 4.

The microstructures were examined carefully after annealing for the
development of pcres and their location. Figure 12 illustrates the structure
after annealing for about 1000 minutes at three temperatures; 1300, 1525 and
16100C. These are to be compared with the starting microstructure illustrated
in Figure 7c. The pore level increases with increasing annealing temperature.
In general, pores are located at grain boundaries; however, a number of pores
have separated from the boundar'es and are located within grains.

4.5 Discussion

The decomposition of Mg(OH)2 is accompanied by a 55% decrease in r .al
volume. Early researchers reported that upon decompo ition MgO had its cubic
(1101 and 1111 planes parallel to the prism and basal planes bf the hexa-

gonal brucite lattice, respectively. Gordon and Kingery1 5 observed separate
diffraction spots for the (110) brucite and (220) magnesium oxide planes. The
positions of the (110) and (100) brucite never change, but only diminished
in intensity while the (220) planes of ,nagnesium oxide shifted from a value
larger than the listed ASTM d spacing to the predicted value as the decomposition
progressed. They describe the process as a nucleation and growth mechanism in
which the magnesium oxide nuclei form coherently with the brucite matrix
introducing large strains and causing extensive fracturing of the platelets.
Exactly the same results were observed in the present electron diffraction
studies, Further, the existence of rod-like crystallites (Figure 3b) s- -Rested
that a preferred growth was dominant under static low temperature growth
conditions. A different mode of preferred growth was evident in the high
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#4~900-3 (a) bOX

9f

#5055-1 (b) ioox

#54.06-4. (C) lOK

Figure 12. Microstructur'e after Approximately 1000 Minutes
Annealing at (a) 1300O0, (b) 1,250C0, and (c) 16100C.
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temperature calcinations. In the high temperature case orthogonally
equivalent preferred growth rates resulted in a cubic habit.

The coherent nucleation of MgO within the Mg(OH)2 platelet results
in crystallites perfectly oriented one to anothe. Because of the preferred
growth rate, crystallite growth during calcination results in somewhat
larger crystallites within the brucite relic agglomerates than those
crystallites which have broken away from their parent relic structures. This
size difference is not large in the powder stage as witnessed by the fact
that a log normal size distribution was obtained for the 1200OC-1 hr calcine.
However, it appears that the enhanced growth within agglomerates becomes
important in microstructure development. As shown in Figure 9c, grain boundaries
sweep through entire agglomerates leaving very large grains. Crystallites
that broke away from their agglomerate parent or small agglomerates arrive at
quite different grain sizes upon reaching full density. Clearly, abnormal
grain growth conditions arose early in the densification cycle. Somewhat
analogous esults occurred in sintering studies on very fine yttria-stabilized
zirconia.lO The crystallite-agglomerate explanation for the duplex grain
structure development appears more reasonable than one based on retained
volatiles which was the initial hypothesis. The fact that dynamic vacuum
calcines as high as 12000 C still resulted in duplex microstructures strongly
suggest that volatiles are not leading to retarded or accelerated growth.
Also, of course, the direct observation of microstructure evolution points to
a crystallite agglomerate interaction.

MgC04 undergoes a 60% reduction -n molal volume durng conversion to
MgO. Alth6ugh the decomposition mechaism and kinetics are not well known,
this larger reduction undoubtedly results in more displacement between
crystallites than in the case of Mg(OH)2 derived powder. It is unlikely that
coherent nucleation occurs as the cube-shaped crystallites are randomly
oriented to one another (Figure 5). Thus, preferred growth directions do
not result in grain boundaries rapidly sweeping through an agglomerate relic.
This apparently accounts for grain sizes a factor of 30-40 smaller compared
with Mg(OH) 2 derived powder processed under identical conditions. Possible
chemical effects cannot be completely discounted, however. A particular
impurity species may be present in this 99.99+% pure Honeywell MgO that acts
as a grain growth retardation agent. Earlier Aveo studies with 99.4% pure
Mg0 (MSCO 3 derived) yielded 6 = grain intercept after 240 minutes at 12500 C
which supports the present relative order of grain size versus hot pressing
cycle versus percursor. Complete satisfaction on this point must await a
future critical experiment where chemistries are kept as close as possible
for MgCO3 and Mg(OH)2 derived Mg0.

A ipArticularly Interestng r-.d surprising result of this study was
the development of a noymal grain size distribution in Mg(OH) 2 derived material
hot pressed at 1450 0 c. Usually upon achieving abnormal grain conditions, the
abnormal structure becomes more exaggerated with increasing growth unless
some event such as primary recrwtalli-aton initiates a new generation of
grains.13 Based on the interrupted demification microstructure studies, it
appears that an abnormal intermediate structure devel ped into a normal structure
upon further growth. Hard evidence to explain this result is lacking b t
one possible mechanism may be obtained by evaluating the work of Brook 1 ' as
discussed earlier. Grain &Towth up to the point illustrated in Figure 7b
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could be boundary controlled, but at this point tne large grains possess a
grain size/pore size ratio such that further growth becomes slowed and falls
into the pore control regime. Meanwhile the small grains continue to
be boundary controlled (a faster process) affording them the opportunity
to catch up to the large grains in size. Pores are not readily discernable
in Figure 7c, but further heat treatment of this type of material (Figure 12)
demonstrates the presence of a limited porosity.

The grain growth kinetic studies demonstrated a marked decay in growth
at long times which was similar to the results of Gordon. The decay occurred
at different sizes for the two temperatures. The decay is thought to be
related to the competing processes for grain growth control; 1) boundary
mobility controlled either by pure intrinsic diffusion or influenced by
impurity drag, or 2) pore mobility controlled (again either controlled by
intrinsic or impurity influenced diffusion). The growth kinetics are likely
to change from square to cube dependence whep the controlling process change
from boundary to pore diffus on controlled. 1  Further decay beyond n = 3
was observed by Gordon et al when pore separation occurred. Figure 12 does
illustrate pore entrapment, thus the present results agree with those of
Gordon et al. Pore separation apparently leads to abnormal grain growth as
witnessed by the disproportionate number of grains -which have greater or
fewer number of sides than the idealized number (6) as shown in Figure 12.
This may occur because the pores become disassociated from the grain boundary
non-uniformny breaking away first from one boundary and then another. As
pores break away from a boundary, that boundary becomes free to migrate at
a faster rate than boundaries that are still bound to pores. This could easily
lead to the development of 7 or more sides on a grain and the onset of abnormal
growth.

The initial qgrowth rate was slightly higher than that for the study
of Spriggs et al.,' This could be a result of less impurity drag for the
high purity material compared with that of Spriggs et al (about 99.4$ pure
MgO). As noted above, the initial portion of the curve was thought to be
boundary migration controlled. As growth became pore migration controlled,
the growth rate decayed below that of Spriggs et al. The material of Spriggs
et al did not develop porosity during the high temperature anneals.

The cause of pore development in one material and absence in another
is uncertain; however, several comments are appropriate. The material of
Spriggs et al was vacwm hot pressed in an AkO2 die while the material of
Gordon et al was vacuum hot pressed in molybden~a alloy dies, and the material
of the present study vacuum hot pressed in graphite dies. Some aroment
might be forwarded for graphite leading to a CO entrapment that could lead
to pore coalescence upon annealing, but since similar results were obtained
for the molybdenum die prepared material, this does not appear to be the
comon factor. The develoment of 0.1 to 0.5% porosity is in fact quite
comnon in annealing and grain growth of hot pressed material. This is thought
to arise from two causes; 1) expansion of micro-pores that were coustrained
under hydrostatic loads during hot pressing P-d 2) coalescene of V& molecules
adsorbed on grain boundaries. The best know, ixception to statement about
anneall,,g causing grain gLovth is transparent polcrystalline Wi produced
by the process incorporating AP 1% LIF. Annealing Is part of this process
and yields very transparent materia. as LIF diffuses via the grain boundaries
to the surface and evaporates. Part of this process my be to sweep potenf: ..1
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pore forming gas molecules to the surface. This point is brought out
because recent studies1 7 of 99.4% Mgo (the chemistry of the Spriggs et al
study) have shown that a very thin grain boundary phase exists. Electron
diffraction identified this phase as Na6Al4Si4Ol7. It is suggested that
this phase behaves much like LiF, sweeping potential pore forming molecules
to the surface or keeping them in solid solution. This might explain the
absence of porosity in the study of Spriggs et al and account for the major
kinetic difference as compared with the studies of Gordon et al and the present
authors.

V. CONCLUSIONS

1. Brucite deccmposes by the coherent nucleation of MgO leaving
crystallographically oriented MgO crystallites within an
agglomerate which is a relic of the Mg(OH)2 crystal. Pre-
ferred growth directions resulted in a rod structure when
calcined at 3750C and a cube when calcined at 9000 C and above.

2. Abnormal grain growth develops at 70% density in the vacuum
hot pressing consolidation cycle leading to duplex grain structures
for Mg(OH)2 derived powder. It appears that the oriented
crystallites within an agglomerate grow extremely rapidly due
to the "special" nature of the boundary. Both static and vacuum
dynamic calcined material give the same results. Hot pressing
at higher temperatures (1450 0 c) than required for full densifica-
tion (11500c) develops a normal grain structure. This g-ain
size development is thought to be related to the competing
processes of boundary and pore control on grain growth.

3. The purity of the fabricated specimens were equal to or greater
tan the powder. Fe and Mm were introduced during pressing
while Ca, Si and Na concentrations were lowered. The purity
of the best samples counting anions (except o-) and cations
were 99.965% MOO.

4. Magesium carbonate derived .MgO also yields crystallites with a
cubic growth habit, but the crystallites within an agglomerate
are unoriented with respect to one another.

5. Vacuum hot pressed bodies from Mgoo- derive! powder have
norml grin isze distributions wefi hot pressed at 1150C and
a factor of 30 smller groin size than Mg(OH)2 derived powder.
Several explanations for this difference were discussed, but
the most strongly forwarded was the absence of rapid growth due
to unoriented crystallites in " 3 derived aggloerates.

6. rain growth rates decaed during aneal. at 1526°C and 161oc.
This was due to the transition from boundary control to pore
ewtr~l to abnormal grain growth since porosity became
apparent during the course of the anneals. A hypothesis was
forwarded that earlier results on 99.4% Wu followed the normal
squae time dependeme due to the action of a very thin grain
boundary pbase sveeping out poes or their nuclei and hence,
the lack of pore control throughout the a .
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